Supporting Information:
Waste-to-Resource value chain optimisation: combining spatial, chemical and technoeconomic aspects
Ivan Roblesa, Edward O’Dwyera, Miao Guoa,b,*
[bookmark: _Ref14077343][bookmark: _Toc14891686]Department of Chemical Engineering, Imperial College London, London SW7 2AZ UK
b Department of Engineering, King’s College London, London Strand Campus WC2R 2LS UK
* Corresponding author miao.guo@imperial.ac.uk, miao.guo@kcl.ac.uk
Technology parameterisation
The technology parameterisation approach used in this work is outlined in this Supporting information document. Variables used in the succeeding analysis are summarised in Table S1.
[bookmark: _Ref15467516]Table S1: List of variables and parameters used
	Variables
	Description
	Units

	
	Specific capital cost of AD plant with power generation
	

	
	Specific yearly operational cost of AD plant with power generation
	

	
	Capital cost of biogas upgrading facility
	

	
	Operational cost of biogas upgrading facility
	

	
	AD power plant power output capacity
	

	
	AD power plant power output capacity
	

	
	Biogas upgrading plant output capacity
	

	
	Chemical Oxygen demand
	

	
	Water fraction in digestate SF prior to drying
	

	
	Water fraction in digestate SF after drying
	

	
	Capital cost of gas engine system
	

	
	Operation and maintenance cost of gas engine system
	

	
	Heat of vaporisation of water
	

	
	Higher heating value
	

	
	Lower heating value
	

	
	Cost index used to relate the equivalent cost in one year to another
	

	
	Capital cost of gas injection to the grid system
	

	
	Operation cost of gas injection to the grid system
	

	
	Mass
	

	
	Capital cost of Organic Rankine cycle
	

	
	Yearly operational cost of Organic Rankine cycle
	

	
	Separation factor of digestate constituents into SF and LF
	


S1.1 [bookmark: _Toc14891687]Anaerobic digestion and digestate preparation
In AD, OFMSW is converted to biogas, which can be further upgraded to produce bio-methane or processed to produce electricity. The plants considered in this model are AD+CHP and AD+CHP+BtG systems, with the relevant equations used to calculate the OPEX and CAPEX presented in Table S2. The ratio for the capacities of bio-methane to electricity production for AD+CHP+BtG is assumed to be 46.3 therm of bio-methane to 1 GJ of electricity, which is the average for this kind of plants in the UK (NNFCC, 2019). The electrical efficiency conversion for CHP was assumed as 1.2 kWh/m3 of biogas produced and the calorific value of biogas is 21.48 kJ/l (Guo et al., 2013).
Eq. (S1)-(S2) are used to estimate the costs of AD+CHP facilities. For the AD+CHP+BtG facilities, costs are broken down into gas engine (Eq. (S3)-(S4)), Organic Rankine Cycle (ORC) (Eq. (S5)-(S6)), biogas upgrade (Eq. (S7)-(S8)), and biogas grid injection (Eq. (S9)-Eq. (S10)) components. The equations in Table S2 were derived from data in the listed references and used to develop cost parameters for technologies corresponding to three different sizes used in the optimisation problem. These, along with the resulting annualised capital costs are summarised in Table S8.
[bookmark: _Ref15411101][bookmark: _Ref15411095]Table S2: Equations for CAPEX and OPEX estimation of AD plants
	Description
	Equation
	

	AD+CHP CAPEX1
	
	[bookmark: _Ref15298036](S1)

	AD+CHP OPEX1
	
	[bookmark: _Ref15298038](S2)

	Gas engine system CAPEX2
	
	[bookmark: _Ref15298047](S3)

	Gas engine system OPEX2
	
	[bookmark: _Ref15298055](S4)

	Organic Rankine Cycle CAPEX2
	
	[bookmark: _Ref15298057](S5)

	Organic Rankine Cycle OPEX2
	
	[bookmark: _Ref15298058](S6)

	Biogas upgrading CAPEX3
	
	[bookmark: _Ref15298060](S7)

	Biogas upgrading OPEX3
	
	[bookmark: _Ref15298061](S8)

	Biogas grid injection CAPEX4
	
	[bookmark: _Ref15298062](S9)

	Biogas grid injection OPEX4
	
	[bookmark: _Ref15396599][bookmark: _Ref15298065](S10)

	 1(Sbodova, 2003), 2(Oreggioni et al., 2017), 3(Deng and Hägg, 2010), 4(IRENA, 2018)
	


Energy recovery from digestate solid fraction requires digestate pre-treatment. In the case of incineration, the digestate must be dried and in the case of pyrolysis, it must be dried and pelletized (Peng and Pivato, 2019; WRAP, 2012). To model this, values reported in (Nagy et al., 2018) were used whereby digestate solid (SF) and liquid (LF) fractions are separated using a screw press. The SF is then dried using a belt drier and recycled heat from CHP, before being pelletized using a pelletiser. In Table S3, the unit product price for revenue calculation is presented. The relevant CAPEX and OPEX data are presented Table S8.
[bookmark: _Ref15411309]Table S3: Price of process products
	Product
	Price (£/unit)

	Electricity (MWh)1
	58.23

	Biogas (therm)1
	0.604

	Biochar (tonne)2
	33.6

	Green SNF (GJ)3
	11.52

	Bio Oil (gallon)4
	2.56

	1 (Ofgem, 2016), 2(Tan et al., 2014), 3(Haldor Topsøe, 2012), 4 (Brown et al., 2013)



Note that all the capital costs in this model have been adjusted to the year 2018 using the CEPCI (Chemical Engineering, 2019) and the operational costs have been adjusted to account for inflation by using the producer price index (PPI) (OECD, 2019). Eq. (S11) is used to calculate the cost in the year of interest by using the relevant indices and cost during the original year.
	

	[bookmark: _Ref15406961](S11)



S1.2 [bookmark: _Toc14891688]Incineration
To model the resource recovery from digestate by incineration, the extractable energy quantity must be modelled. To achieve this, the empirical relation between elemental species and the Higher Heating Value (HHV) for biomass provided in (Acar et al., 2011) is used and shown in Eq. (S12), where , , ,  and  are the masses of carbon, hydrogen, oxygen, nitrogen and the fuel respectively. Furthermore, the Lower Heating Value (LHV) is calculated from the HHV as shown in Eq. (S13) (Li et al., 2017), where  is the water mass and the latent heat of vaporisation (Datt, 2011).
	
	[bookmark: _Ref15396339][bookmark: _Ref15298194](S12)

	
	[bookmark: _Ref15396343][bookmark: _Ref15298196](S13)



Incineration of biomass wastes utilise complex Rankine steam cycle configurations with electrical efficiencies of 28% (Tobiasen et al., 2014) used in the model.
S1.3 [bookmark: _Toc14891689]Pyrolysis
During the pyrolysis of digestate, syngas, oil and char are produced. The yields reported by (Wei et al., 2019) were followed in the model, where on a dry basis 25.6%wt is syngas, 8.6 wt% is bio oil and 42% is char. The calorific value of syngas was assumed to be 11MJ kg-1 (Park et al., 2015). All operational costs related to pyrolysis are considered except that of the feedstock, as this is obtained as waste from AD.
S1.4 [bookmark: _Toc14891690][bookmark: _Ref15410277][bookmark: _Ref15410290][bookmark: _Ref15410461][bookmark: _Ref15410802][bookmark: _Ref15410821]Waste feed chemical characterisation
The spatially-explicit OFMSW resource potential was derived from (WDF, 2019). UK OFMSW can be broadly classified into four categories: (i) food waste, (ii) green garden waste, (iii) mixed garden/food waste and (iv) other compostable waste. The compositions for these wastes are shown in Table S4, and used in the optimisation model as parameters.  
[bookmark: _Ref11523397]For the elemental analyses, the composition of hemicellulose is taken as that of Xylan and the ‘other compostable waste’ category is characterised as generic mechanically recovered OFMSW.  When considering mixed food and garden waste, a ratio of 1.21:1 respectively is assumed based on typical MSW sample fractions recorded by (WastesWork and AEA, 2010). Additionally, for the AD of garden waste, lignin is assumed to not be anaerobically digestable,  and remains in the digestate after AD processing (Antoniou et al., 2019). Even though this strongly inhibits the potential for biogas production, it increases the possibilities for further resource recovery through the posttreatments mentioned above.
[bookmark: _Ref15411359]Table S4: Elemental analysis of the digestible part of the relevant types of OFMSW and component analysis of garden waste
	Element
	Food waste (% TS)1
	Garden waste (%TS*)2
	Mr-OFMSW (%TS)3

	Nitrogen
	3.63
	1.65
	1.32

	Carbon
	47.54
	26.61
	33.0

	Hydrogen 
	6.40
	3.96
	4.80

	Oxygen
	36.10
	34.21
	22.2

	Component
	
	(%TS)
	

	Lignin
	-
	25.68
	-

	Cellulose 
	-
	38.54
	-

	Hemicellulose
	-
	26.24
	-

	1 (Esteves and Devlin, 2010), 2 (Bhange et al., 2015), 3 (Zhang et al., 2012)
*Considers the digestable components, i.e. lignin is not included


The theoretical biogas production (with an assumed composition of 65% CH4 and 35% CO2 (v/v)) was estimated from the chemical oxygen demand (COD), calculated from Eq. (S14) (Patel et al., 2016). For a given chemical species with elemental composition of (1 mol).
	

	[bookmark: _Ref15396403][bookmark: _Ref15298255](S14)


Each  mole of CH4 consumes two moles of oxygen, implying that 1g COD destruction is equivalent to 0.35L CH4 at 0°C and 760mm Hg pressure (STP) or 0.395L CH4 at 35°C and one atmosphere (Speece, 1996). The results for COD present in the waste influents and the biogas produced from these are presented in Table S5.

[bookmark: _Ref15411391]Table S5: Density, TS% and calculated COD and biogas production for the pertinent inflows
	Waste
	Density (kg m-3)
	TS/TDS (%)
	COD (g L-1)
	COD (g kg-1)
	Biogas (L kg-1)

	Food
	811.601
	25.7 3
	267.0
	329.2
	170.1

	Garden
	379.70 1
	44.844/29.05
	73.62
	194.3
	100.3

	Food and garden
	480.90
	28.73/26.23
	230.6
	310.5
	160.4

	Mr-OFMSW
	722 2
	52.835
	315.0
	436.3
	225.4

	1 (US EPA, 2014), 2 (Mata-Alvarez et al., 2000), 3 (Esteves and Devlin, 2010), 4 (Chester et al., 2008), 5 (Zhang et al., 2012), 
TS: total solids; TDS: total digestible solids


S1.5 [bookmark: _Toc14891691][bookmark: _Ref15400637][bookmark: _Ref15410341][bookmark: _Ref15410527]Digestate product chemical characterisation
To characterise the digestate, a mass balance is made in terms of the elemental analysis. Following the conversion of COD into biogas, the mass  of elements required to produce this species are removed from the influent to produce the gas phase. The remaining species are balanced as digestate. In this manner Eq. (S15) and (S16) are used to model the remaining elemental constituents  in each stream.
	

	[bookmark: _Ref15298311](S15)


	

	[bookmark: _Ref15298323](S16)



The ratios for methane production per gram of COD and biogas composition are used to determine the yields  of these elemental species in the biogas phase, assuming that both CO2 and CH4 behave as ideal gases. The resulting values are summarised in Table S6.
[bookmark: _Ref15411429]Table S6: Elemental yield of species in the biogas phase
	Component
	Carbon
	Hydrogen
	Oxygen

	 (g/g COD)
	0.2451
	0.0531
	0.2288


Furthermore, the digestate is divided into two separate fractions, the solid fraction and the liquid fraction. The amount of nitrogen that goes to each is 87% and 13%  LF and SF respectively (Tambone et al., 2017).  The ratio of separation  for the rest of the solid species is 1:12 for SF and LF respectively  (Drosg et al., 2015).  These separation factors  are summarised in Table S7.
Typical TS contents of the SF of digestate of OFMSW ranges at about 17% (Peng and Pivato, 2019) but to make further processing of digestate by incineration feasible it must be dried, while for pyrolysis, TS content must be increased to 80% and pelletised (Peng and Pivato, 2019; WRAP, 2012). Therefore, the fraction of water in the dry SF of the digestate will be that required to maintain the aforementioned percentages. The amount of water assigned to the LF will be that not assigned to the SF before its water content is decreased, where is the fraction of water in SF digestate prior to drying. Eq. (S17)-(S21) show the mass balances, with the water fractions summarised in Table S7. 
	
	[bookmark: _Ref15298359](S17)


	

	(S18)


	
	(S19)

	
	(S20)

	
	[bookmark: _Ref15298361](S21)



[bookmark: _Ref15411480]Table S7: Composition parameters for solid and liquid digestate fractions
	Parameter (g/g)
	C/H/O/lignin
	Nitrogen
	H2O

	
	0.923
	0.130
	-

	
	-
	-
	0.83

	
	-
	-
	0.20


[bookmark: _Toc14891692]
S1.6 Technology parameterisation
The selection of a suitable national-level approach requires the characterisation of the various technologies, processes, and waste and product streams considered. To represent these system components, an extensive parameterisation is carried out and summarised in the SI. Some of the most relevant capital (CAPEX) and operational (OPEX) expenditure data emerging from this are presented in Table S8.
[bookmark: _Ref15480146]Table S8: Parameters for cost evaluation of the relevant technologies
	Technology
	Capital investment
	Life

	Annualised capital cost
	Operational cost
	Capacity

	
	(£)
	(years)
	(£/years)
	(£/GJ)
	(kW)

	AD CHP (small) 1,2
	1593631
	15
	106242
	13.89
	250

	AD CHP (medium) 1,2
	11544834
	20
	769656
	8.37
	2500

	AD CHP (large) 1,2
	31391834
	20
	1569592
	6.48
	8000

	
	(£)
	(years)
	(£/years)
	(£/GJ)+
	(£/GJ)++
	(kW)

	AD CHP & BtG (small) 1,2,3
	2761201
	15
	184080
	14.72
	25.1
	250

	AD CHP & BtG (medium) 1,2,3
	16071236
	20
	803562
	8.87
	6.07
	2500

	AD CHP & BtG (large) 1,2.3
	46686529
	20
	2334326
	6.86
	3.03
	8000

	
	(£)
	(years)
	(£/years)
	(£/tonne)
	(tonnes/year)

	Incineration4
	45000000
	25
	1800000
	40.00*
	150000*

	Pyrolysis5,6
	8661322
	25
	346453
	50.32*
	35989*

	Drying7
	283000
	10
	28300
	23.13**
	3500**

	Drying & pelletisation7
	340518
	10
	34052
	74.77**
	3500**

	Note: an exchange ratio of 1.25 US$/£ and 1.12 €/£ are used to calculate the costs from the original sources
* Per tonne of feed, ** per dry tonne of product
+ produced in the CHP system of the plant, ++Produced in the BtG system of the plant, CHP capacity for CHP & BtG systems are the same as CHP systems only
1(Oreggioni et al., 2017), 2(Sbodova, 2003),3(Deng and Hägg, 2010),4(Mckendry, 2018),5(Brown et al., 2013),6(Wang et al., 2018) ,7 (Nagy et al., 2018)
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